The effects of sodium pump inhibition produced by exposure to the cardiac glycosides, ouabain or dihydroouabain, or by reduction in extracellular potassium to 1.0 mM, on contractile state and sodium-calcium exchange were studied in primary monolayer cultures of chick embryo ventricular cells. Ouabain, 10 M, dihydroouabain, 5 X 10~!M, and extracellular potassium of 1.0 mM all induced similar and prominent positive inotropic effects. These effects were accompanied, in each case, by 40-50% inhibition of the rate of active uptake of "K and by similar increases in steady state sodium content. Stimulation of the rate of 45 Ca uptake on exposure to zero extracellular sodium occurred in response to extracellular potassium (1.0 mM) or to glycoside concentrations that induced a positive inotropic effect and sodium-potassium pump inhibition. Reactivation of the sodium pump after return from 1.0 to 4.0 mM extracellular potassium was rapid and was associated with membrane hyperpolarization and slowing of spontaneous beating rate. With pump reactivation under these circumstances, the time course of disappearance of stimulation of sodium-calcium exchange on exposure to zero extracellular sodium was similar to the time course of loss of the positive inotropic effect. Under physiological conditions (4.0 mM extracellular potassium), exposure to positively inotropic but nontoxic concentrations of ouabain or dihydroouabain caused a small but consistent increase in unidirectional calcium influx, but had no discernible effect on calcium efflux. Since similar inotropic effects were produced for comparable degrees of glycoside or low extracellular potassium-induced sodium pump inhibition and increases in cellular sodium content, sodium pump inhibition rather than a glycoside-specific change in calcium binding appears to underlie the inotropic response. These findings are further consistent with the view that the primary mechanism of the positive inotropic effects of digitalis and low extracellular potassium in this experimental preparation is sodium pump inhibition resulting in increased intracellular sodium. We suggest that increased calcium influx via sodiumcalcium exchange is the principal mechanism whereby increased intracellular sodium results in enhanced calcium availability to the myofibrils, but an additional effect on calcium efflux is not excluded. (Circ Res 56: 231-241, 1985) 
SUMMARY. The effects of sodium pump inhibition produced by exposure to the cardiac glycosides, ouabain or dihydroouabain, or by reduction in extracellular potassium to 1.0 mM, on contractile state and sodium-calcium exchange were studied in primary monolayer cultures of chick embryo ventricular cells. Ouabain, 10 M, dihydroouabain, 5 X 10~!M, and extracellular potassium of 1.0 mM all induced similar and prominent positive inotropic effects. These effects were accompanied, in each case, by 40-50% inhibition of the rate of active uptake of "K and by similar increases in steady state sodium content. Stimulation of the rate of 45 Ca uptake on exposure to zero extracellular sodium occurred in response to extracellular potassium (1.0 mM) or to glycoside concentrations that induced a positive inotropic effect and sodium-potassium pump inhibition. Reactivation of the sodium pump after return from 1.0 to 4.0 mM extracellular potassium was rapid and was associated with membrane hyperpolarization and slowing of spontaneous beating rate. With pump reactivation under these circumstances, the time course of disappearance of stimulation of sodium-calcium exchange on exposure to zero extracellular sodium was similar to the time course of loss of the positive inotropic effect. Under physiological conditions (4.0 mM extracellular potassium), exposure to positively inotropic but nontoxic concentrations of ouabain or dihydroouabain caused a small but consistent increase in unidirectional calcium influx, but had no discernible effect on calcium efflux. Since similar inotropic effects were produced for comparable degrees of glycoside or low extracellular potassium-induced sodium pump inhibition and increases in cellular sodium content, sodium pump inhibition rather than a glycoside-specific change in calcium binding appears to underlie the inotropic response. These findings are further consistent with the view that the primary mechanism of the positive inotropic effects of digitalis and low extracellular potassium in this experimental preparation is sodium pump inhibition resulting in increased intracellular sodium. We suggest that increased calcium influx via sodiumcalcium exchange is the principal mechanism whereby increased intracellular sodium results in enhanced calcium availability to the myofibrils, but an additional effect on calcium efflux is not excluded. (Circ Res 56: 231-241, 1985) IT has been recognized for some time that cardiac glycosides bind to and inhibit the membrane-bound monovalent cation transport system known as Na + ,K + -ATPase (Glynn, 1964; Schwartz, 1976) . However, the mechanisms whereby this interaction of digitalis with the sodium pump in a myocardial cell results in an increase in the intracellular Ca ++ transient during systole (Allen and Blinks, 1978; Morgan and Blinks, 1982) and the resulting increase in contractile force have not been completely determined. On the basis of studies of perfused squid axons, Baker et al. (1969) proposed that an increase in intracellular Na + ([Na + ] ( ) as a consequence of Na pump inhibition could produce an increase in Ca ++ influx via a Na-Ca exchange mechanism. It has also been proposed that glycosides may induce an increase in the affinity for Ca" 1 " 1 " of Na + ,K + -ATPase (Gervais et al., 1977) or an associated membrane macromolecule (Lullmann and Peters, 1979) , resulting in an increase in superficial membrane-bound Ca ++ (Nayler, 1973, Bailey and Fawzi, 1982) . We, and many other investigators (for discussion, see Biedert et al., 1979; Barry et al., 1981) have shown close quantitative relationships among the degree of glycoside-induced. sodium pump inhibition, increases in exchangeable cellular Na + and Ca ++ contents, and the positive inotropic response. In addition, Sheu and Fozzard (1982) have recently reported proportional elevations in intracellular Na + and Ca activities measured with ion-specific microelectrodes after exposure of myocardium to glycoside concentrations producing graded increases in inotropic state. These findings are consistent with the hypothesis that altered Na + -Ca ++ exchange is causally related to the positive inotropic effect of digitalis (Langer, 1977; Brody and Akera, 1977) . However, these data do not allow determination of whether the changes in intracellular [Ca ++ ] occur because of enhanced Ca ++ influx or decreased Ca ++ efflux via the Na + -Ca ++ exchange system, nor has the relative importance of sodium pump inhibition vs. alteration of superficial Ca ++ binding been defined.
We have recently reported techniques for measuring Ca" 1 " 1 " influx and efflux and quantifying Na + -Ca exchange in monolayer cultures of chick embryo ventricular cells (Barry and Smith, 1982) . In the present studies, we have utilized these methods to examine the effects of cardiac glycosides on unidirectional Ca ++ fluxes and Na + -Ca ++ exchange. In addition, we have compared the effects of glycosideinduced sodium pump inhibition with effects of exposure to low [K + ]o on contractility, Na + content, and altered Na + -Ca ++ exchange during onset and washout of sodium pump inhibition. Our results using this experimental preparation indicate that cardiac glycosides induce their direct myocardiai positive inotropic effect by alteration of Na + -Ca ++ exchange, as a consequence of increased [Na + ]j resulting from Na + pump inhibition.
Methods

Tissue Culture
Cultures of beating chick embryo ventricular cells were prepared as described previously (Barry et al., 1980) . Briefly, 10-day-old chick embryo hearts were removed under sterile condition, and the ventricles were cut into 0.5-mm fragments and placed in Ca**-and Mg^-free Hanks' solution. The ventricular fragments were gently agitated in 10 ml 0.025% (wt/vol) trypsin in Ca" 1 " 1 "-and Mg^-free Hanks' solution at 37°C for 4 cycles of 7 minutes each. The supernatant suspensions containing cells dissociated by these cycles were placed in 20 ml of cold trypsin inhibitor medium. This suspension was centrifuged at 2000 rpm for 10 minutes, the supernatant phase was discarded, and the cells were resuspended in culture medium consisting of 6% heat-inactivated fetal calf serum, 40% medium 199 (Grand Island Biological Co.), 0.1% penidUin-streptomycin antibiotic solution, and 54% balanced salt solution containing (in DIM): NaCl, 116; NaH 2 PCu, 1.0; MgSO*, 0.8; KC1, 1.18; and NaHCO, , 26.2. Final concentrations (in mM) were: Na + , 144; K + , 4.0; HCO,-, 17; Ca"-, 0.97; CT, 131; Mg-", 1.0; and glucose, 5. The suspension of cells was diluted to 4 x 10* cells/ml and placed in plastic tissue culture petri dishes containing 25-mm circular coverslips (VWR-VanLab thickness no. 2). Cultures were incubated in a humidified 5% CO 2 -95% air atmosphere at 37°C. Confluent layers two to three cells thick in which 70-80% of the cells were synchronously contracting developed by 2-3 days. Contractility studies were done on day 3 of culture. Plastic microspheres 2-3 jim in diameter (3M Co.) were added to the cultures on day 2 of the culture. The plastic microspheres became attached to cell surfaces and were moved by contraction of individual cells in the layers. This provided an improved image for contraction measurement and recording.
Measurement of Contractility
A glass coverslip with attached cultured heart cells was placed in a chamber provided with inlet and exit ports for culture perfusion. The chamber was placed on the stage of an inverted phase contrast microscope (Leitz Diavert) enclosed in a Lucite box with controlled temperaturê 37°Q. The inlet to the perfusion chamber was connected by polyethylene tubing to several syringe pumps so that the culture could be sequentially perfused with medium containing various K + concentrations or cardiac glycosides. During continuous perfusion, medium bathing a cell in the center of a coverslip exchanged with a time constant of 15 seconds at a flow rate of 0.96 ml/min. The optical apparatus was supported by an air table to damp building vibrations, and the cells were magnified using a X40 objective. The image was monitored by a low-light-level TV camera (Dage 650 SSX) attached to the microscope observation tube using a X2 coupler. The TV camera had an interlace defeat so that the image was composed of 262 raster lines. The motion detector monitored a selected raster-line segment and provided new position data every 16 msec for an image border of a microsphere within the cell layer moving along the raster line. The analog voltage output from the motion detector was filtered at 15 Hz with a 48 dB/octave low-pass filter and calibrated to indicate actual /xm of motion. The first derivative was obtained electronically and recorded as velocity of motion in jtm/sec. Cultured heart cells used in the experiments described contracted spontaneously at rates varying from 70 to 120 beats/min. Rate, amplitude, and velocity of contraction remained stable for several hours during control perfusion.
Ion Fluxes and Contents
Approximately 140 25-mm circular glass coverslips with attached myocytes were obtained from each culture. Twenty-four hours before their use in ion uptake and content experiments, cells were exposed to medium containing L-(4,5-3 H,N)-leucine (0.2 /iCi/ml, [leucine] = 28 mg/liter). [ 3 H]Leucine was incorporated into cell protein, and subsequent determination of 3 H counts permitted normalization of Na + , K + , or Ca" 1 " 1 " isotope counts relative to mg of cell protein for each coverslip, after the relationship between 3 H counts and protein concentration was determined. To facilitate consistent labeling and washing of individual coverslips, small Lucite baskets were constructed which held 10 coverslips each. Glass coverslips were loaded into these baskets from the petri dishes, care being taken not to damage the cells. The cells on eight to 10 coverslips were equilibrated for 30 minutes in tissue culture medium at 37°C in a 5% COj atmosphere. By means of a thin wire handle, a basket containing coverslips was then immersed in isotope uptake medium (5 jtCi/ml) at 37°C. After the desired uptake period, ranging from 1 second to 2 hours, coverslips were removed from the uptake medium and washed for 4 seconds each in four 50-ml volumes of balanced salt solution at 4°C. This was found to be adequate to remove more than 99% of the rapidly exchanging "Cr after labeling the cells to asymptote in 2 /jCi/ml of the extracellular space marker f/'Cr]-EDTA.
After washing as described above, the monolayer was scraped off the coverslip, and the cells were placed in 2 ml of a solution containing 1% sodium dodecyl sulfate and 10 mM sodium borate. Over a 2-hour period, complete cell dissolution was accomplished. A 1.6-ml aliquot of the dissolved cell mixture was placed in 15 ml Aquasol liquid scintillation fluid (New England Nuclear). From a quarter of the samples, 0.2 ml was used for determination of protein content (Lowry et al., 1951) . Simultaneous counting of 24 Na, 42 K, or "Ca and 3 H counts in dissolved cells from each coverslip was performed with a Packard Liquid scintillation spectrometer. From the 3 H counts per min peT mg protein ratio for the culture, the mg protein for each coverslip was determined. A known volume (50 /d) of uptake medium containing a specific isotope was placed in a 1.6-ml sample of dissolved cells not exposed to any isotope. From the counts/min observed from this sample and the known ion concentration of the uptake medium, the counts/min • nmol for each ion were determined. For normalization of each coverslip, the data were calculated as nmol/mg protein. For ion content studies, cells were labeled to asymptote [30 minutes for "Na (Biedert et al., 1979) , 2 hours for "Ca (Barry and Smith, 1982) ]. When the effects of interventions were assessed (e.g., resupply of K + , washout of glycoside), cells were maintained in 24 Na of the same specific activity as the labeling solution.
For "Ca efflux experiments, coverslips of cells placed vertically in a Lucite basket were labeled for 2 hours with isotope. The basket was then immersed in 37°C efflux medium containing no isotope, and individual coverslips removed at 20-second time intervals, washed, and the cells dissolved and counted as described above. For determination of the rate constants for rapid efflux, "Ca loss from 0 to 80 seconds was determined. Each data point was an average of at least six coverslips.
Membrane Potential Recording
Intracellular potentials were measured using 80-90 Mfl glass capillary microelectrodes (1.2 mm o.d., extruded fiber 30-31-1; Frederick Haer). Electrodes were pulled on an Industrial Sciences Associates model Ml puller. Cell penetration was achieved with a Burleigh Inchworm Controller mounted on a conventional micromanipulator. Potentials were obtained from the same cell or immediately adjacent to the cell from which motion was recorded. The zero level of potential was established before cell penetration; recordings in which this potential changed by more than 5 mV after intracellular recordings were made were discarded.
Solutions
All experiments were done using solutions with a Ca" 1 " 1 " concentration of 0.6 mM, to provide more sensitive detection of inotropic effects (Biedert et al., 1979) . Both bicarbonate-buffered (Barry et al., 1981) and HEPES-buffered (Barry et al., 1978) salt solutions to which 1% fetal calf serum was added were utilized (pH 7.35). HEPES-buffered solutions were employed for electrophysiological studies, and zero [Na + ]o uptake experiments. For zero [Na + ] o -Ca ++ uptake experiments, Na was substituted on 233 a molar basis with choline chloride (+1 mM atropine) or KC1 (Barry and Smith, 1982) , and the 1% fetal calf serum was omitted.
Results
We initially sought to determine concentrations of ouabain, dihydroouabain, and [K + ]o which produced an equivalent positive inotropic response. In previous studies (Biedert et al., 1979; Barry et al., 1981) 10~* M ouabain and 5 X 10~5 M dihydroouabain (DHO) both produced 40-50% inhibition of "K uptake, and a prominent positive inotropic effect. In preliminary studies of the effects of low [K + ]o, we found that a [K + ] = 1.0 mM produced a near maximal inotropic effect. We therefore compared the sequential inotropic effects of 1.0 mM [K + ], DHO 5 X 10~5M, and ouabain 10~6M on amplitude of contraction of the same cells. The results are shown in Figure 1 . These two glycoside concentrations and this [K + ]o all induced a similar degree of positive inotropy, although the time course of onset and offset of effects differed; changes in [K*"\o and DHO exposure and washout produced more rapid changes in inotropic state than ouabain. As indicated in the figure legend, low [K + ]o also induced a more prominent chronotropic effect in these cells.
Given the fact that these glycoside concentrations and this [K + ]o produced an equivalent degree of positive inotropy, if all the inotropic effect of glycoside were due to Na pump inhibition, one would predict that this reduction of [K + ]o would produce a decrease in Na pump activity comparable to that caused by glycoside exposure. We therefore measured the degree of depression of active * 2 K uptake induced by a [K + ]o of 1.0 mM. These data are shown in Figure 2 . Correcting for the fact that the low [K + ]o alters the passive K + uptake (non-pump-mediated K + uptake), and assuming that Na + influx remains the same under these conditions, a [K + )]o of 1.0 mM caused a 41% inhibition of active K + uptake, a degree of pump inhibition comparable to that achieved with 10~6 M and ouabain (Biedert et al., 1979) and 5 X 10" 5 M DHO (Barry et al., 1981) . These data are consistent with the findings of Glitsch et al. (1978) and Gadsby (1980) regarding the relationship of Na pump activity to [K ] o in other myocardial preparations, and suggest that these interventions cause a positive inotropic effect in this system by a common mechanism, i.e., a decrease in the activity of the Na pump.
To test this hypothesis further, we measured changes in steady state cellular Na + content produced by these interventions. As shown in Figure 3 , ouabain 10~6 M, DHO 5 X 10~5 M, and [K + ]o = 1.0 mM all produced a similar increase in Na + content (zero time point). Assuming a cell H 2 O content of 7.5 (A/mg protein (Barry et al., 1981) , this corresponds to an increase in [Na + ]i from about 15 to 21 mM. On washout of drugs and restoration of [K + ]<, to 4.0 mM, Na + content returned to normal somewhat more slowly than the fall in contractility (see Fig. 1 ). This finding is consistent with our previous results (Barry et al., 1981) and suggests that changes in total cellular Na + content lag behind cytoplasmic [Na + ], possibly because of a relatively slowly exchanging intracellular Na + compartment (Biedert et al., 1979) .
To examine this issue directly would require a Na + -sensitive microelectrode recording of Na activity (aN,) under these experimental conditions. However, because of the small size and delicateness of the tissue-cultured cells, use of ion-sensitive microelectrodes is not currently possible. Eisner et al. (1981) have recently shown that in voltage-clamped sheep Purkinje fibers, following reactivation of the Na pump, the electrogenic Na pump current is linearly related to cytoplasmic a' Na . We therefore measured changes in membrane potential and 42 K uptake on abrupt resupply of 4.0 mM K + in cells previously exposed to 1.0 mM K + to estimate the time course of fall in aN a under these conditions. Amplitude of cell motion is shown on the  upper trace, and membrane potential on lower trace. On the  left, cells were perfused with [fC] s of 1.0 mn which resulted  in a positive inotropic effect. At the vertical arrow, the cells  were perfused with culture medium containing a normal  [K + ], = 4.0 mu. This resulted in transient hyperpolarization  and a concomitant return to baseline inotropic state, complete  within 60 seconds. Although rate of contraction was not controlled in this experiment, possibly altering slightly the time course of changes in these parameters, we estimated a time constant of 28.9 seconds for loss of inotropy, and of 33.2 seconds for loss of hyperpolarization.
-70-J 10 tec greater when Na pump reactivation was produced by resupply of [K + ] o than by washout of glycoside.
To investigate further whether reactivation of the Na pump was responsible for the rapid loss of inotropy and hyperpolarization with slowing in beating rate after resupply of [K + ] o/ we studied the rate of uptake of 42 K under these conditions. These results are shown in Figure 5 . When cells in [K + ]o = 1.0 mM were abruptly reexposed to media containing a normal [K + ]o, there was stimulation of the rate of uptake of 42 K which lasted 1-2 minutes, consistent with the duration of slowing and hyperpolarization noted previously, further supporting the view that the dissipation of inotropy is due to reactivation of the Na pump and subsequent fall in cytoplasmic aNi concentration.
Thus, both a reduced [K + ]<, and glycosides produced at steady state a similar inotropic effect for a given degree of pump inhibition and increase in cellular Na + content. This is consistent with the hypothesis that Na pump inhibition with resulting increase in [Na + ]i is the cause of glycoside-induced inotropy rather than glycoside-induced changes in superficial cell calcium binding, since low Ko and glycoside exposure would not be expected to alter calcium binding by an equal amount. We next examined the question of how an increase in [Na + ]i induces an inotropic effect in these cells.
Our recent experiments (Barry and Smith, 1982) indicate that Ca influx via Na + -Ca ++ exchange in these cells is very sensitive to the transsarcolemmal [Na + ] gradient, and is greatly magnified by increases in [Na + ]i and/or decreases in [Na + ]<,. The work of Coraboeuf et al. (1981) and Horackova and Vassort (1979) indicate that this process is electrogenic. If so, calcium influx should be stimulated by cell depolarization. We therefore compared rapid Ca ++ influx in control cells with that in cells previously treated with ouabain for 7 minutes, upon exposure to zero [Na + ]o-KCl solution. This concentration of K + (137 mM) results in membrane depolarization, in addition to reduction of [Na + ] o concentration to zero, thereby enhancing any effect of an increase in [Na + ]i on Ca ++ influx via Na + -Ca ++ exchange. The 60 120 ISO TIME (seconds) Fig. 4) results are shown in Figure 6 . Ouabain, 10~7 M, caused neither measurable stimulation of Na + -Ca ++ exchange nor a positive inotropic response. A concentration of ouabain (2 X 1 0 M) previously shown to cause threshold inhibition of 42 K uptake and positive inotropy in these cells (Biedert et al., 1979) caused stimulation of Ca" 1^ uptake observed on abrupt exposure to zero [Na + Jo, presumably due to enhanced Na + -Ca ++ exchange. This effect was ouabain concentration-dependent; the maximal stimulation of Ca ++ uptake in zero [Na + ]o seen with positively inotropic but nontoxic concentrations of ouabain (10"* M) was only about 20% that obtained after complete pump inhibition with 10~3M ouabain (Barry and Smith, 1982) . The time course of disappearance of stimulation of Ca" 1^ influx in zero [Na + ]o-KCl after washout of ouabain is shown in Figure 7 . The rate of dissipation of this effect was similar to the time course of loss of positive inotropic effect under these conditions. Thus, stimulation of Ca' 1 " 1 ' uptake in zero [Na + ]o-KCl correlates well with positive inotropy developing after exposure to glycosides. These results support the hypothesis that increased Ca ++ influx via this mechanism is responsible for the enhanced intracellular [Ca ++ ] transient. However, although cells are depolarized fully during a portion of the normal contraction-relaxation cycle, a zero [Na + ]o-KCl external medium does not occur under physiological conditions, and in the presence of zero [Na" 1 "^ a contracture develops in these cells (Barry and Smith, 1984) . Furthermore, the possibility exists that this Na + -Ca ++ exchange system functions to extrude Ca' 1 " 1 ' in the presence of a normal transsarcolemmal [Na + ] gradient (Reuter and Seitz, 1968; Sheu and Fozzard, 1982) . We therefore measured the effects of positively inotropic concentrations of glycoside Circulation Research/Vol. 56, No. 2, February 1985 on unidirectional Ca" 1^ fluxes under physiological conditions.
FIGURE 5. Effects of resupply of K* on "K uptake rate. JC uptake is shown for control cells (lower line) and for cells treated with [K*] c = 1.0 mu for 5 minutes, then abruptly immersed in a K-containing medium with a [K*] o = 4.0 mu. Abrupt reactivation of the Na pump in this experiment resulted in the stimulation ofK* uptake above the control level, and was most prominent for the first 60 seconds after exposure to a [K.*]. of 4.0 mu In comparing the time course of hyperpolarization and loss of inotropy (
and resupply of [K*], to the time course of reactivation of JC* uptake, it should be remembered that in the perfusion experiments the exact moment of resupply of a [K*]. = 4 mM is not sharply defined, because the perfusion chamber exchanges with a time constant of 15 seconds (see text). Each point plotted is a mean ± SEM for seven to eight coverslips.
As shown in Figure 8 , exposure to near-maximal inotropic but nontoxic concentrations of glycoside (in the example shown, 5 X 10~s M DHO) produced a consistent small increase in Ca** influx and in rapidly exchanging Ca" 1 " 1 " content (measured at 5 minutes). This effect could not be detected at submaximally inotropic glycoside concentrations and was of borderline statistical significance. As reported by Kazazoglou et al. (1983) , a substantial concentration-dependent increase in 45 Ca influx occurs in cultured heart cells after exposure to nontoxic, positively inotropic concentrations of ouabain if cells are initially incubated in medium with low [Ca ++ ]o. Experiments in our own laboratory show that after a 5-minute exposure to medium containing 0.1 nut EGTA, the positively inotropic but nontoxic ouabain concentration of 2 X 10~* M increased Ca ++ uptake in normal [Ca^], normal [Na + ] medium from 1.75 ± 0.05 to 2.15 ± 0.08 nmol/mg protein-30 seconds (n = 8; P < 0.01) (Kim and Smith, unpublished data). As shown in the inset to Figure 8 , exposure (points plotted as means ± SEK n = 9 to 12) . Exposure to ouabain 10"* ufor 7 minutes resulted in an increase in rapid Ca** uptake in zero [Na*].-KO (triangles) relative to control cells (circles). This effect  was partially dissipated in 1 minute, and fully dissipated in 7 minutes  of ouabain washout, consistent with the time course of loss of * was slightly increased above  control levels by this concentration of glycoside,  but this did not achieve statistical significance (0.05  < P < O.W). In the inset, cells from the same  culture were treated in an identical way, 
TIME (seconds) FIGUM 7. Effect of zero [Na*].-KCl on Ca** uptake in cells treated with ouabain, and after ouabain washout. One group of cultured cells was exposed to 10~* u ouabain for 7 minutes to establish a stable augmentation of contractile state (triangles). Two additional groups of cells similarly exposed to 10~* u ouabain were then washed free of ouabain in normal medium for 1 minute (diamonds) or.for 7 minutes (squares). Each group of cells was then abruptly exposed to zero [Na*],-KCl solution containing **Ca, and **Ca uptake was determined
but Ca** uptake was performed during abrupt immersion in zero [Na*],-KQ solution. This resulted in a marked amplification of the increase in rapid Ca** uptake by DHO-treated cells compared with controls.
Points plotted are mean ± SEX n = 9 to 10.
3 TIME (minutes)
of cultured cells to zero [Na + ]o-KCl produced a much more marked amplification of the small increase in Ca ++ influx detectable after ouabain exposure.
Additional experiments showed no significant effect of exposure of these cells to maximally positive inotropic concentrations of glycosides on unidirectional Ca ++ efflux. Using the equation y = C + Ae~K l to fit the rapid phase (first 80 seconds) of Ca ++ efflux, we determined a control weighted mean value for K + of 3.40 ± 0.58/minute; after exposure to 5 X 10~5 M dihydroouabain, K + = 3.04 ± 0.56 (« = 4, mean ± SEM, P > 0.90 by ANOVA). Furthermore, subsequent experiments have shown that in these cultured cells, abrupt removal of extracellular Na + results in an increase in Ca** efflux (Barry and Smith, 1984) . Interpretation of these results is complicated by an undefined component of Ca ++ -Ca ++ exchange. Nevertheless, it appears that significant Ca" 1 " 1 " efflux occurs in these cells via a mechanism other than Na + -Ca ++ exchange (see also, Eisner et al., 1984) . We suspect that the primary effect of an increase in [Na + ]i subsequent to partial Na pump inhibition is to amplify the increase in Ca ++ influx via Na + -Ca ++ exchange that occurs to a smaller degree during the normal depolarization cycle (Eisner et al., 1983) , resulting cumulatively in a slight increase in Ca ++ content in the sarcoplasmic reticulum (Biedert et al., 1979; Barry et al., 1981) . However, an additional small effect on Ca** efflux is not excluded.
Heart cell cultures prepared as described here contain 20-30% fibroblasts (Barry et al., 1981) . To determine the possible contribution of nonmyocardial cells to observed Ca ++ uptake, we prepared monolayer cultures of fibroblasts by preplating trypsin-dissociated suspensions of intact ventricles, and culturing preplated fibroblast-enriched cultures for three passages. Fibroblasts showed only minimal stimulation of Ca' 1 " 1 ' uptake in zero [Na + ]o-KCl solution, even after exposure to very high concentrations of ouabain (10 M). For example, Ca ++ content measured at 60 seconds of uptake in zero [Na + ]»-KC1 solution was 2.17 ± 0.60 (SEM) nmol/mg protein in control fibroblast cells and increased only slightly to 2.80 ± 0.45 after exposure to 10~3M ouabain for 5 minutes. This should be contrasted with the 10fold increase in Ca ++ content measured at 60 seconds in myocardial cell cultures treated in an identical fashion (Barry and Smith, 1982) . This finding is consistent with the results of Wakabayashi and Goshima (1981) , who found that nonmyocardial cells show very little stimulation of calcium uptake by Na + -Ca ++ exchange with increases in intracellular Na + concentration, and further suggests that essentially all of this phenomenon is attributable to the predominant myocyte component of our cultures. In addition, we found that incubation of myocardial cells in a Na + -free medium (choline chloride) during exposure to glycoside completely prevented the subsequent stimulation of Ca uptake in zero [Na + ]o-KCl medium. We have previously shown that this uptake of Ca ++ is not inhibited by high concentrations of verapamil (Barry and Smith, 1982) . Thus, this enhanced uptake appears to be due primarily to increased Ca ++ influx due to Na + -Ca ++ exchange in the myocytes as a consequence of Na pump inhibition.
An increased uptake of Ca ++ via Na + -Ca ++ exchange was also observed after sodium pump inhibition induced by low [IC'L. As shown in Figure 9 , after exposure of cells to K = 1.0 HIM for 5 minutes, Ca ++ uptake in zero [Na + ]o was markedly stimulated. On resupply of a 4.0 mM [K + ]o, within 1 minute this stimulation of Ca" 1^ uptake had almost completely disappeared. These results are entirely consistent with the time course of hyperpolarization, stimulation of * 2 K uptake, and fall in contractile amplitude noted previously after resupply of 4.0 rrtM [IC 1 "^ and suggest that cytoplasmic a' N . in these cells is modulating pump rate, Na + -Ca ++ exchange, and contractility. This result also suggests that changes in bulk Na + content lag behind changes in a}g, after reactivation of the pump (compare Figs. 3, 7 , and 9). ** uptake (upper curve, triangles) . The next group of cells was exposed to K* = 1.0 mtifor 5 minutes, then placed in normal medium containing 4.0 mu K* for 1 minute (diamonds) or 7 minutes (squares) before uptake in zero [Na*],, was measured (see legend for Fig. 7) . Points plotted indicate means ± sen n-6.
FIGURE 9. Stimulation of Ca+* uptake in zero [Na+] c after low [K + ], exposure and also after resupply ofK + = 4.0 mu. Cells were abruptly immersed in a Ca-containing medium with zero [Na + ] Q (choline chloride substitution) at time zero. Ca** uptake by control cells under these conditions is shown by the solid circles. Treatment of cells for 5 minutes with 1.0 muK* prior to exposure to zero [Na*] 0 resulted in a marked increase in Ca
A lower Ca ++ uptake in zero [Na + ]o for low [K + Jo-treated cells as compared with glycosidetreated cells was consistently observed (compare Figs. 6, 7, 8, and 9) . To avoid reactivation of the Na pump during exposure to zero [Na^Jo-KCl solution, choline chloride substitution was used to produce a zero-[Na + ] 0 solution in the low [K + ]o experiments. It seemed possible that the reduced Ca uptake in zero [Na + ]o noted after exposure to low [K + ]o reflected a lesser degree of stimulation of Ca influx via Na + -Ca ++ exchange in choline chloride as compared with KC1, since the degree of increase in Na + content achieved by exposure to low K + and glycoside was comparable. We therefore determined the effects of choline chloride and KG zero [Na + ]o solutions on Ca ++ uptake in cells with the same degree of Na pump inhibition. Ca" 1 " 1 " uptake by cells exposed to 10 M ouabain for 7 minutes, then immersed for 30 seconds in zero [Na + ] o -KCl 45 Ca solution was 3.61 ± 0.28 nmol/mg protein vs. 2.65 ± 0.09 for cells immersed for the same time period in [Na + ]ocholine chloride solution (means ± SEM, n = 7, P < 0.01). This enhanced uptake of Ca ++ in zero Circulation Research/Vol. 56, No. 2, February 1985 [Na + ]o-KCl vs. zero [Na + ] o -choline chloride solution probably reflects a greater degree of membrane depolarization, and thus greater stimulation of electrogenie Na + -Ca ++ exchange, induced by KG. This phenomenon was not detected in our previous study of Ca ++ uptake via Na + -Ca ++ exchange (Barry and Smith, 1982) because the relative effects of choline chloride and KG substitution were not determined under conditions of an increased [Na + ]i, and fewer early time points of uptake were determined.
Discussion
In 1969, Baker and co-workers showed that an increase in [Na + ]i of a perfused squid axon preparation enhanced Ca ++ influx via a Na + -Ca ++ exchange mechanism, and proposed that this effect of Nai 1 " might be involved in producing the positive inotropic effect of cardiac glycosides. Glitsch et al. (1970) demonstrated that [Na + ]i affected Ca ++ influx in guinea pig atria, and Langer and Serena (1970) , working with an arterially perfused rabbit septal preparation, demonstrated that toxic, contractureproducing concentrations of strophanthidin caused an increase in Ca ++ content without any decrease in Ca ++ efflux, consistent with an increase in Ca ++ influx as a consequence of Na pump inhibition. Reiter and colleagues (1971) showed that the positive inotropic effect of a reduction in extracellular K + concentration in guinea pig papillary muscle was dependent on the presence of extracellular Na + , and proposed that the mechanism of low [K + Jo-induced inotropy is an increase in Ca*" 1 " influx via enhanced Na + -Ca ++ exchange.
Subsequently, much work has shown a correlation between Na pump inhibition and inotropy (see Biedert et al., 1979; Barry et al., 1981) , and studies using ion-specific microelectrodes for measurement of aU and ab» (Ellis, 1977; Lee et al., 1980; Eisner et al., 1981; Cohen et al., 1982; Sheu and Fozzard, 1982) have supported the hypothesis that an increase in akia is causally related to the development of positive inotropy due to Na pump inhibition. However, based largely on the work of Reuter and Seitz (1968) suggesting that the [Na + ] gradient across the cardiac cell membrane influences the rate of Ca ++ extrusion via Na + -Ca ++ exchange, investigators have proposed (Cohen et al., 1982; Sheu and Fozzard, 1982 ) that increased [Na + ]i causes an increase in [Ca'^Ji by virtue of a decreased Ca ++ efflux rather than an increased Ca ++ influx. Others (Bailey and Fawzi, 1982; Burt and Langer, 1982) have suggested that an alteration of superficially bound Ca associated with or as a consequence of glycosideinduced pump inhibition may also be involved.
Our results bear directly on these issues. First, our findings suggest that in cultured heart cells, an increase in [Na + Ji induced by Na pump inhibition results in.an increase in Ca ++ content by increasing Ca" 1 " 1 " influx rate, in addition to or rather than by decreasing the rate constant for Ca" 4^ efflux. We find no decrease in the Ca ++ efflux rate constant produced by a decrease in the transmembrane [Na + ] gradient resulting either from an increase in [Na + ]I (this paper) or by a decrease in [Na + ]o Smith, 1982,1984) . These results are consistent with the findings of Goshima and Wakabayashi (1981) , who noted no effects of toxic concentrations of ouabain on Ca ++ efflux from cultured myocardial cells, and with the results of Langer and Serena (1970) . As discussed by Mullins (1981) , the direction of Ca ++ flux via Na + -Ca ++ exchange will depend on the stoichiometry of the exchange process, membrane concentration gradients for Na + and Ca ++ , and membrane potential. Estimates of the stoichiometry in ventricular myocardium sarcolemmal vesicles (Pitts, 1980) , in cultured myocardial cells (Wakabayashi and , and in intact rabbit ventricle (Bridge and Bassingthwaighte, 1983) , suggest a 3 Na + -to-l Ca ++ ratio. Thus, the exchange process would be expected to be electrogenic, and the reversal potential, Erev = 3E N « -2Eca. Assuming that E N . = 60 mV, and Eo = 120 mV (Coraboeuf et al., 1981) , E™ = -60 mV. Thus, Na + entry with Ca ++ extrusion would occur only at membrane potentials more negative than -60 mV, and Ca ++ influx via this mechanism should increase with membrane depolarization above -60 mV. This hypothesis is supported by the results of Coraboeuf et al. (1981) and Horackova and Vassort (1979) , and is consistent with our findings of an enhanced effect of zero [Na + ]o-KCl as compared with zero [Na + ] ocholine chloride on Ca ++ uptake. Thus, it appears likely that Ca ++ enters the cell during systole in greater amounts via Na + -Ca ++ exchange after Na + pump inhibition (Eisner et al., 1983) . Decreased Ca ++ efflux appears to play a less important role in glycoside-induced inotropy in our cultured heart cell preparation, since there appears to be an alternate system for Ca ++ extrusion, presumably a sarcolemmal ATP-dependent Ca ++ pump.
Although effects on Ca ++ entry seem to predominate over effects on Ca ++ extrusion in our cultured heart cell preparation, in more mature myocardial cells with a lower contraction frequency, aN, could be lower and the reversal potential for Na + -Ca ++ exchange (Mullins, 1979) less negative, favoring Ca ++ efflux via Na + -Ca ++ exchange. In such circumstances, exposure to cardiac glycosides resulting in elevation of a| >j a might decrease Ca ++ extrusion via Na + -Ca ++ exchange, and thus produce an increase in cell Ca ++ content and the positive inotropic effect by this mechanism. The recent work of Siegl et al. (1984) , however, shows that 3',4'-dichlorobenzamil in concentrations (20-40 HM) that inhibit Na + -Ca ++ exchange produces a negative inotropic effect in adult guinea pig ventricle. This finding suggests that the net effect of the Na + -Ca ++ exchange process in this tissue favors Ca ++ entry.
Previous investigators have raised the possibility that an alteration of Ca ++ binding by superficial 239 myocardial cell sites might account for some of the positive inotropic effects of glycosides. Recently, Burt and Langer (1982) reported an increase in 'Ladisplaceable Ca' in cultured neonatal rat heart cells after exposure to toxic concentrations of ouabain or low [K + ]o, which they attribute to binding to superficial sites. However, this increase in Ca ++ after pump inhibition was not present if cells were disrupted prior to exposure to glycoside or low K + , indicating that an intact cell was required for this effect. Our own previous results demonstrating more rapid inhibition of Ca ++ influx than efflux by La + in cultured heart cells (Barry and Smith, 1982) suggest that exposure to La + in the presence of 45 Ca would produce a decrease in Ca ++ content by immediately stopping Ca ++ influx, while Ca' 1 " 1 ' efflux continues for 1-2 minutes. Thus, the *La-displaceable' pool might actually contain in part an intracellular Ca ++ component. This could explain why intact cells were required for the effect noted by Burt and Langer. We have no direct evidence that superficial Ca binding is not altered by glycosides in myocardial cells at nontoxic concentrations, since the methods we have employed do not detect superficially bound 45 Ca (Barry and Smith, 1982) . However, the similarity of effects on the Na pump, contractility, Na + content, and Na + -Ca ++ exchange by glycosides and low [K + ]o make a glycoside-specific effect on superficial calcium binding less likely as a primary inotropic mechanism.
Because of the more pronounced chronotropic effects of low [K + ]o exposure in these cells, caution must be used in making quantitative comparisons of the degree of inotropy produced relative to the degree of pump inhibition achieved by low [K + ]o compared to glycosides. However, the cells used in these experiments do not show a positive treppe response in this contraction frequency range. For example, in separate experiments in which cultured cells were electrically paced, with extracellular microelectrodes, at 90/min amplitude of contraction was 1.51 ± 0.15 urn; at 120/min, 1.44 ± 0.14 /un; and at 150 /min, 1.19 ± 0.13 jtm (means ± SEM, n = 5). These findings support the view that the positive inotropic effect observed was related to an increase in [Na + } secondary to pump inhibition, rather than to an increase in spontaneous contraction frequency.
The data reported here support the view that Na pump inhibition produces a sustained increase in subsarcolemmal [Na + ] which, in turn, enhances Ca ++ influx via Na + -Ca ++ exchange, although reduced Ca ++ efflux via this mechanism cannot be excluded. This enhanced influx may result in an increased storage of calcium within the sarcoplasmic reticulum, appearing as an increase in rapidly exchanging Ca + * content (Biedert et al., 1979; Barry et al., 1981; Maitland et al., 1982) . This increased 'priming" of the sarcoplasmic reticulum by enhanced Na + -Ca ++ exchange could produce an inotropic effect by increasing the amount of Ca ++ re-leased with each action potential from this intracellular storage site (Fabiato, 1981; Wier and Isenberg, 1982) . We attribute the delay in return to normal of bulk Na + content in these cells after reactivation of the pump (Fig. 3) relative to decay of inotropic effects to some degree of intracellular binding of Na + , perhaps in mitochondria or sarcoplasmic reticulum. Thus, bulk Na + content appears to reflect changes in aisi» at steady state, but to lag behind aU changes after abrupt reactivation of the pump. Further elucidation* of this point will require measurements of aU with sodium-sensitive microelectrodes in cultured heart cell monolayers.
Our data do not argue against an effect of increased [ C a^ induced by pump inhibition on the slow inward Ca" 1 " 1 " current (Weingart et al., 1978; Marban and Tsien, 1982; Lederer and Eisner, 1982) . Furthermore, it must be acknowledged that in intact myocardial tissue, many effects of cardiac glycosides on inotropic state and Na pump activity may be influenced by modulation of sympathetic and parasympathetic nervous system activities (Lechat et al., 1983) . Nevertheless, the close correspondence of stimulation of Na + -Ca ++ exchange in these cells to inotropic effects due to pump inhibition, both temporally and quantitatively, makes it likely in our view that alteration of Ca""" influx via Na + -Ca ++ exchange is the major mechanism of the direct positive inotropic effect of cardiac glycosides.
